JAK2V617F and MPLW515L/K represent recently identified mutations in myeloproliferative disorders (MPD) that cause dysregulated JAK-STAT signaling, which is implicated in MPD pathogenesis. We developed TG101209, an orally bioavailable small molecule that potently inhibits JAK2 (IC 50 ¼ 6 nM), FLT3 (IC 50 ¼ 25 nM) and RET (IC 50 ¼ 17 nM) kinases, with significantly less activity against other tyrosine kinases including JAK3 (IC 50 ¼ 169 nM). TG101209 inhibited growth of Ba/F3 cells expressing JAK2V617F or MPLW515L mutations with an IC 50 of B200 nM. In a human JAK2V617F-expressing acute myeloid leukemia cell line, TG101209-induced cell cycle arrest and apoptosis, and inhibited phosphorylation of JAK2V617F, STAT5 and STAT3. Therapeutic efficacy of TG101209 was demonstrated in a nude mouse model. Furthermore, TG101209 suppressed growth of hematopoietic colonies from primary progenitor cells harboring JAK2V617F or MPL515 mutations. Leukemia (2007) 
Introduction

Acquisition of somatic mutations such as JAK2V617F
1 results in constitutive activation of JAK-STAT signaling, which is thought to play a primary role in the pathogenesis of myeloproliferative disorders (MPD) including polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis (PMF). In normal hematopoiesis, ligand-induced activation of a spectrum of hematopoietic cytokine receptors, including receptors for erythropoietin, thrombopoietin (MPL) and granulocyte colony stimulating factor, converges upon Janus kinase 2 (JAK2). The importance of JAK2 in hematopoiesis has been demonstrated in mice that are genetically deficient in JAK2, and have severe defects in erythropoiesis. 2 Dysregulated JAK-STAT signaling may be important in JAK2V617F-negative MPD as well, in that other activating JAK2 alleles have been identified in these patients, including JAK2 exon 12 mutations, JAK2D620E, JAK2DIREED, in addition to activating mutations in MPL at position W515. [3] [4] [5] [6] Expression of JAK2V617F in vivo in a murine bone marrow transplant assay results in a phenotype resembling PV; 7, 8 in contrast, MPLW515L expression in a similar assay results in a PMF-like phenotype. 9 Inhibition of JAK2 with small molecule 'tool' compounds that lack potential for clinical development, and that are not selective among JAK family members, induce apoptotic cell death in hematopoietic cell lines transformed either with JAK2V617F 10 or with MPLW515L, 9 and, similarly, may decrease the hematocrit in mouse models of JAK2V617F-induced disease. 8 MPD are currently not captured in the surveillance, epidemiology and end results (SEER) database or other cancer registries, but incidence of PV, ET and PMF has been estimated in the 1-5/100 000 per year range. 11 Because of relatively long survival after diagnosis, it has been estimated that the prevalence of MPD is on the order of 80 000-100 000 cases in the United States, significantly higher than that of BCR-ABLpositive chronic myeloid leukemia (CML). Although the MPD are relatively indolent, most patients ultimately develop one or more complications related to their disease, including thrombosis, hemorrhage, massive splenomegaly, or progression to acute leukemia. Current therapy is empirically derived, and not without attendant side effects; most patients are not candidates for stem cell transplantation given their advanced age at the time of diagnosis.
We developed TG101209, a small molecule, selective JAK2 kinase inhibitor using structure-based drug design. We present results from pre-clinical studies showing that TG101209 is a potent inhibitor of JAK2V617F and MPLW515L mutations, both in vitro and in vivo. 
Materials and methods
Reagents
Molecular Modeling
See Supplementary Information.
Cell lines
Human erythroleukemia (HEL), Ba/F3, CTLL-2 and normal human dermal fibroblasts (NHDF) cells were purchased from American Type Culture Collection (Rockville, MD, USA). Ba/F3 cells expressing JAK2V617F (Ba/F3-EpoR-V617F) 12 and MPLW515L (Ba/F3-W515L) 9 mutants, and the human leukemia cell lines HEL, K562, CHRF-288-11 and CMK were cultured in RPMI-1640 medium (Gibco BRL, Gaithesburg, MD, USA), supplemented with 10% fetal bovine serum (FBS), penicillin, streptomycin and L-glutamine at 371C and 5% CO 2 . CTLL-2 and Ba/F3 cells were grown in the same media further supplemented with 20 U/ml recombinant mouse IL-2 and 1 ng/ml IL-3, respectively (Hoffmann-LaRoche, Nutley, NJ, USA). Green fluorescent protein (GFP) was introduced into Ba/F3-V617F cells by lentiviral transduction using pLenti6-GFP (Invitrogen, Carlsbad, CA, USA), followed by selection with blasticidin and confirmation of GFP expression using flow cytometry analysis (Ba/F3-V617F-GFP).
Cell-free kinase activity assays (IC 50 determinations) see Supplementary Information.
XTT assay for cell proliferation
In brief, approximately 2 Â 10 3 cells were plated into microtiterplate wells in 100 ml RPMI-1640 growth media with indicated concentrations of inhibitor. The relative growth of cells was quantified at 24-h intervals using Cell Proliferation Kit II (XTT) as per manufacturer's guidelines (Roche, Indianapolis, IN, USA). After incubation, 20 ml of XTT was added to the wells and allowed to incubate for 4-6 h. The colored formazan product was measured spectrophotometrically at 450 nm with correction at 650 nm, and IC 50 values were determined using the GraphPad Prism 4.0 software. Data were subjected to a non-linear regression-fit analysis and IC 50 values were determined as the concentration, that inhibited proliferation by 50%. All experiments were done in triplicate and the results normalized to growth of untreated cells.
Cell cycle and apoptosis assays
Cell cycle was analyzed with the FITC BrdU Kit (BD Pharmingen, San Diego, CA, USA), as per manufacturer's instructions. Cells were incubated with indicated concentrations of inhibitor for 24 h, and subsequently pulsed with BrdU for 30 min at 371C. The cells were washed in staining buffer (1 Â Dulbecco's phosphate-buffered saline (DPBS) þ 3% FBS), fixed/ permeabilized with Cytofix/Cytoperm buffer and washed with Perm/Wash buffer, with all incubations carried out on ice. After permeabilization, cells were treated with 30 mg DNAse for 1 h at 371C, and then stained with FITC-conjugated anti-BrdU antibody and 7-AAD before flow cytometric analysis. DNA contents were analyzed with the use of a FACS Canto flow cytometer with FACS Diva software (BD Biosciences, San Jose, CA, USA).
Induction of apoptosis of HEL and K562 cells was determined by analyzing the binding of Annexin V and the incorporation of PI, following incubation with indicated concentrations of inhibitor for 0, 24, 48 and 72 h. The cells were washed with 1 Â PBS, resuspended in apoptosis buffer (1 mM HEPES/NaOH, pH, 7.4, 140 mM NaCl and 2.5 mM CaCl 2 ) and stained with 5 ml Annexin V APC (BD Biosciences, San Diego, CA, USA) for 15 min at room temperature. Cells were resuspended in Apoptosis Buffer and 5 ml of PI was added. Samples were analyzed on a FACScalibur cytometer (BD Biosciences, San Jose, CA, USA).
Western blot analysis
Cells were treated with inhibitor for 18 h in RPMI-1640 before harvesting in 1 Â Cell Lysis Buffer (Cell Signaling, Beverly, MA, USA), supplemented with 1 mM PMSF, and complete protease inhibitor cocktail tablets (Roche). Lysates were clarified by centrifugation and protein was quantified with the Pierce Biotechnology BCA assay (Rockford, IL, USA). Equal amounts of protein were combined with Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA, USA) plus b-mercaptoethanol, boiled for 5 min, and loaded onto 4-15% Tris-HCl gradient electrophoresis gels (Bio-Rad Laboratories). Gels were transferred to 0.45 mm trans-blot nitrocellulose membrane (Bio-Rad), the membrane blocked in 5% nonfat dry milk, and blotted overnight with primary antibodies diluted in either blocking solution or 5% bovine serum albumin. After washing, the primary antibodies were revealed using the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (Cell Signaling) and detected by the Phototope chemiluminescence kit (Cell Signaling). In conjunction, blots were probed with anti-b-actin antibody from Novus Biologicals Inc. to confirm equal loading of protein.
Murine tumor model and drug treatment effect
Severe combined immunodeficiency (SCID) mice (Harlan, Indianapolis, IN, USA) were intravenously injected with 10 Â 10 6 sorted GFP-positive BaF/3 cells expressing JAK2V617F (Ba/F3-V617F-GFP). TG101209 was administered by oral gavage at the indicated doses beginning day þ 3 after tumor cell infusion and ending on day þ 20. On day þ 11 following tumor cell injection, 1 ml blood was collected by terminal cardiac bleeding from the mouse that received vehicle, and 0.1 ml of blood was collected by non-lethal retro-orbital collection from each of the three six-mouse groups dosed with 10, 30 or 100 mg/kg b.i.d. (twice daily) of TG101209, and samples pooled within the dose groups. Blood mononuclear cells were isolated by a Ficoll (Sigma-Aldrich, St Louis, MO, USA) cushion centrifugation method (600 RCF and 30 min). The isolated cells were subjected to FACS analysis to determine the percentage of GFP-positive tumor cells (that is, Ba/F3-V617F-GFP cells).
In a parallel study, two additional animals were treated as described above with the exception that they were given a single 100 mg/kg dose of drug on day 11 and humanely killed 7 h later for analysis of STAT5 phosphorylation in the tumor-bearing spleen. Spleens were homogenized in a FastPrep machine (Qbiogen, Irvine, CA, USA). Subsequently, 100 mg of each spleen homogenate was subjected to electrophoretic separation and the protein blot was probed with an antiphospho-STAT5 (Tyr694/699) (Upstate), as well as with an anti-STAT5 antibody (Cell Signaling), and visualized by the enhanced chemoluminescence method.
Patient accrual and sample collection
The current study was approved by the Mayo Clinic Institutional Review Board. All patients provided verbal and written informed consent, and research was carried out according to the principles of the Declaration of Helsinki.
Clonogenic assays/single-colony analysis
CD34
þ cells, peripheral blood mononuclear cells (PBMC), and granulocytes were isolated as described previously 13 Flow cytometry analysis has shown CD34 þ cell purity to be at least 95% in our hands. Freshly isolated CD34 þ cells were plated in a methylcellulose-based, semisolid medium (MethoCult media, Stem Cell Technologies, Vancouver, BC). Clonogenic assays were set up in duplicate or triplicate (catalog# H4435), as per manufacturer's guidelines; 1 Â 10 3 CD34 þ cells were plated for cytokinesupported colony growth. The plates were incubated at 371C in a 5% carbon dioxide and 95% air mixture for 10-12 days, and colonies were scored using standard morphological criteria. In the presence of TG101209, only appreciably hemoglobinized colonies were scored as 'erythroid'. Individual well-separated colonies were harvested for DNA sequencing as described previously. 14 Genotyping of mutant alleles was performed by direct DNA sequencing as described previously for JAK2V617F 15 and MPL515. 16 
Results
TG101209 is a selective JAK2 kinase inhibitor in vitro
We utilized rational structure-based techniques to design and optimize a new series of pyrimidine-based inhibitors to target JAK2. We started from a B5 mM IC 50 hit, and made use of two crystal structures available in the literature (2B7A.pdb for JAK2 and 1YVJ.pdb for JAK3) 17, 18 to design molecules guided by molecular modeling. With this approach, the series was rapidly optimized to yield low-nanomolar (nM) IC 50 concentration inhibitors, and TG101209, which is one such JAK2-selective inhibitor, was chosen for further characterization. The molecular structure of the small molecule inhibitor TG101209 is shown in Figure 1a . A molecular model showing TG101209 docked and minimized in the ATP pocket of JAK2 kinase, highlighting the key interactions is shown in Figure 1b . The specificity of TG101209 was tested against a wide range of kinases using purified proteins. TG101209 inhibited JAK2, FLT3, RET and JAK3 kinases with an IC 50 of 6-169 nM in in vitro kinase assays (Figure 1c) . TG101209 was most active against JAK2 (IC 50 ¼ 6 nM), and exhibited selectivity for JAK2 relative to JAK3 (28 Â greater inhibition of JAK2) in this assay. We assessed TG101209 activity against a total of 63 kinases at 500 nM. Of these, only six tyrosine kinases, including the four aforementioned kinases, were inhibited by X80% (Supplementary Table 1 ).
TG101209 inhibits JAK2V617F-and MPLW515L-dependent cell proliferation, and selectively inhibits JAK2 versus JAK3 kinase-dependent cell proliferation
We next tested the ability of TG101209 to inhibit the interleukin (IL)-3-independent growth of Ba/F3 cells that were stably transduced with constitutively activated JAK2V617F or MPLW515L mutants. Ba/F3 cells expressing each mutant were grown in the presence of increasing concentrations of inhibitor (4.6-38 400 nM) (Figure 2a and b) . TG101209 inhibited the growth of Ba/F3-V617F and Ba/F3-W515L cells with an IC 50 of 170 and 220 nM, respectively. As expected, parental Ba/F3 cells, which require IL-3 for growth, were also inhibited by TG101209 (IC 50 ¼ 470; data not shown), reflecting their dependence on signaling by wild type JAK2. In contrast, TG101209 had minimal effects on the growth of CTLL-2 cells, a clone of cytotoxic T cells that is dependent upon IL-2 for growth (IC 50 ¼ 3400 nM) (Figure 2c ). Since IL-2 receptor signaling is known to be mediated by JAK1 and JAK3 kinases, but not JAK2, 19 the less potent inhibitory effect on CTLL-2 cell growth is consistent with the compound's relatively selective inhibition of JAK2 kinase previously seen in the in vitro kinase assay. Furthermore, TG101209 had negligible inhibitory effects on the growth of NHDF (IC50 ¼ 6500 nM; data not shown), confirming that the growth inhibition of the transformed Ba/F3 cells was not due to non-specific toxicity.
To extend these studies in a more clinically relevant system, TG101209 activity on the growth and survival of select human leukemia cell lines was examined. TG101209 activity was tested in HEL cells that are homozygous for the JAK2V617F allele. background level of 6-46% at 24 h, 44% at 48 h and 68% at 72 h ( Figure 3a) . As expected, TG101209 treatment was less potent in inducing apoptosis in BCR-ABL-positive K562 cells in control experiments; the percentage of Annexin V-positive cells remained relatively constant from 0 to 72 h (B8%) (Figure 3b) .
TG101209 also induced apoptosis of Ba/F3-V617F cells as assessed by a DNA laddering assay (Figure 3c) . A progressive increase in DNA fragmentation indicating apoptosis was observed at 24 h for Ba/F3-V617F cells treated with increasing concentrations of TG101209. In contrast, no DNA fragmentation was observed in control cells (dermal fibroblasts) even at the highest TG101209 concentration used (10 mM), thus demonstrating that induction of apoptosis in Ba/F3-V617F cells was due to JAK2V617F inhibition.
TG101209 induces cell cycle arrest of JAK2V617F-expressing human erythroleukemia cells
We next assessed whether TG101209 induced cell cycle arrest in hematopoietic cells transformed by JAK2V617F. HEL or K562 cells were treated with indicated concentrations of inhibitor, followed by pulse labeling with bromodeoxyuridine (BrdU) and staining with 7-AAD. Treatment of HEL cells with 1200 nM TG101209 resulted in an increase in the percentage of G 0 /G 1 fraction cells from a background level of 15-50% at 24 h, thus indicating G 0 /G 1 arrest (Figure 4a ). As expected, TG101209 treatment of BCR-ABL-positive K562 cells had a considerably less effect -the G 0 /G 1 fraction increased from 45 to 50% (Figure 4b ).
TG101209 inhibits phosphorylation of JAK2V617F, STAT5 and STAT3
JAK2V617F has been previously shown to be constitutively autophosphorylated and expression of JAK2V617F kinase results in constitutive phosphorylation of downstream signaling pathways. 10 We next examined whether TG101209 could inhibit phosphorylation of JAK2V617F, as well as of its downstream signaling effectors, STAT5 and STAT3. A dose-dependent decrease in phosphorylation was seen, with IC 50 of B300 nM for phospho-JAK2V617F inhibition and 300-600 nM for phospho-STAT5 and phospho-STAT3 inhibition (Figure 5a, b and c) . TG101209 also inhibited STAT5 phosphorylation in the Ba/F3-V617F cell line (IC 50 B300 nM) (Figure 5d ). These data suggest that the basis for JAK2V617F-specific effect on cell growth is the pharmacologic inhibition of this kinase by TG101209, with resulting downregulation of key downstream signaling intermediates. As reported previously, 10 we did not find appreciable levels of phospho-JAK2 in K562 cells (data not shown), further indicating that these cells are not dependent on constitutive JAK2 signaling for their growth.
TG101209 effectively treats JAK2V617F-induced hematopoietic disease in a nude mouse model
To test the in vivo efficacy of TG101209 in inhibiting JAK2V617F, we used a mouse model of JAK2V617F-induced hematopoietic disease. Essentially, Ba/F3-V617F-GFP cells were injected into immunodeficient SCID mice. The animals develop a rapidly fatal (median latency 11 days), fully penetrant hematopoietic disease characterized by peripheral blood leukocytosis, and splenomegaly (mean spleen weight ¼ 0.85 g versus 0.028 g in placebo-treated animals) (Figure 6a ). Flow cytometric analysis of peripheral blood mononuclear cells from the affected animals (day 11) confirmed that most cells were derived from the JAK2V617F-bearing clone (that is, GFP-positive) (Figure 6b) . Next, the recipient mice were divided into four groups and treated with TG101209 by oral gavage at the following doses: to þ 20 following tumor cell injection. In the placebo arm, all the animals died due to disease progression by day 11. In striking contrast, TG101209 at the highest dose level (100 mg/kg b.i.d.) was effective in treating JAK2V617F-induced disease as there was a statistically significant prolongation of survival in this group (10 days; Po0.02), and the animals in this group were still alive at the previously defined study end point of 10 days past the time of death of the final placebo-treated animal (Figure 6a) . The animals at the lower dose levels (that is, 10 TG101209 inhibits hematopoietic colony formation in vitro -comparing effects on progenitor cells from normal controls versus those harboring JAK2V617F or MPLW515L/K
Since cell line studies may not accurately represent the true sensitivity of clonal bone marrow-derived cells, experiments were performed with primary cells harboring JAK2V617F (n ¼ 5) or MPLW515L/K (n ¼ 3) mutations, or neither mutation (n ¼ 1) ( Table 1 ). The clonogenic assay readout included observed changes in (i) erythroid and myeloid colony number, (ii) colony size/morphology and (iii) mutant colony burden, with TG101209 treatment. On the basis of cell line experiments (above), we used 0, 300 and 600 nM as the TG101209 working concentrations for this assay. (c) TG101209 inhibits STAT5 phosphorylation in vivo. Western blot was performed using lysates of spleens harvested 7 h after the administering either placebo or a single dose of TG101209 (100 mg/kg) with antibodies against phosphorylated STAT5 and total STAT5 (loading control). Results from two independent experiments are shown.
CD34
þ cells purified from the buffy coat of healthy donor phlebotomy units were used as controls for this assay. TG101209 inhibited cytokine-supported colony growth from normal CD34 þ cells, with IC 50 of 1000 nM (erythroid colonies) and 600 nM (myeloid colonies) ( Table 1) . In terms of effect on colony size, burst forming unit-erythroid (BFU-E) colonies were smaller with TG101209 treatment, although hemoglobinization was relatively preserved even at 600 nM TG101209 (Figure 7a) . The observed inhibitory effect on colony growth from normal CD34 þ cells was predicted, given the known importance of wild type JAK signaling during normal hematopoiesis. 2 The effect of TG101209 on hematopoietic colony growth was next studied in five PV patients (all JAK2V617F-positive; PV1-PV5) ( Table 1) . Incubation with TG101209 produced fewer colonies in PV patients, relative to normal controls (IC 50 of B600 nM and 300-600 nM for erythroid and myeloid colonies, respectively). Similarly, TG101209 had a greater dose-dependent inhibitory effect on colony size of erythroid colonies in PV patients, as compared to normal controls (compare Figure 7a  and b) . Genotyping of individual colonies revealed a selective suppression of JAK2V617F harboring colonies in the presence of TG101209 for three of five PV patients (Table 1 ). This effect was more pronounced in some patients (for example, PV1; 50% versus 90% JAK2V617F-positive colonies in the presence and absence of inhibitor, respectively), but not others (PV5) ( Table 1 and Figure 7d ).
The effect of TG101209 on colony growth was also studied in four PMF patients (3 MPLW515L/K-positive; PMF1-PMF3). Incubation with TG101209 resulted in fewer colonies (IC 50 ¼ 300-600 nM for erythroid and myeloid colonies), as compared to PV patients, as well as normal controls (Table 1) . Correspondingly, a greater dose-dependent inhibitory effect on colony size was also seen (compare Figure 7c with Figure 7a and b). Singlecolony genotyping studies showed that, for two of the three PMF patients (PMF1 and PMF2), growth of colonies harboring MPL515 mutations was selectively suppressed after incubation with TG101209 (Table 1 and Figure 7e) .
We also studied TG101209 effects on colony growth in the absence of cytokines for three PV patients (PV2, PV4 and PV5).
Here, erythropoietin-independent erythroid colony (EEC) growth was more sensitive to TG101209 as compared to cytokinesupported colonies (IC 50 oo300 nM) (data not shown). Characterization of EEC obtained in the presence of TG101209 (beyond colony number) was difficult given the dysmorphic nature of these colonies. Furthermore, genotyping of these colonies was frequently unsuccessful, presumably because most cells in these colonies are apoptotic.
Discussion
JAK2V617F has a primary role in the pathogenesis of PV, PMF, ET and potentially, that of other MPD as well. JAK2V617F is highly prevalent in the former three disorders, and confers cytokine hypersensitivity, and promotes endogenous erythroid colony formation, which are salient in vitro characteristics of PV-derived progenitor cells.
14 Furthermore, JAK2V617F expression in murine disease models produces a MPD mimicking PV. 7, 8 Finally, genotype-phenotype correlation studies in MPD patients point to a significant association between JAK2V617F and specific clinical features, including higher hemoglobin and leukocyte counts, increased incidence of venous thrombosis, and potentially, inferior survival. 22, 23 These data therefore provide a strong rationale for targeting JAK2V617F as a therapeutic strategy in MPD.
In this report, we describe a potent, small molecule JAK2-selective kinase inhibitor that was developed rationally, using structure-based drug design. TG101209 is orally bioavailable (pharmacokinetics data are presented as Supplementary Information), and has significant in vitro activity against JAK2V617F. Correspondingly, TG101209 inhibited proliferation of leukemic cells carrying mutant JAK2 alleles through cell cycle effects and induction of apoptosis. Furthermore, TG101209 effectively treated an aggressive JAK2V617F-induced hematopoietic disease in mice, an effect that was correlated with inhibition of STAT5 phosphorylation in vivo. Finally, TG101209 suppressed growth of hematopoietic colonies from primary progenitor cells harboring JAK2V617F or MPL515 mutations. Normal WT 1000 600 n/a n/a n/a n/a PMF4 WT 4600 300-600 n/a n/a n/a n/a A key question pertains to precisely which MPD patients will benefit from therapies targeting JAK2 signaling -from a pathogenetic standpoint, as well as from the standpoint of safety of such therapies. While JAK2V617F is the predominant disease associated allele in MPD, it is becoming clear that other alleles contribute to MPD phenotype. In general, the novel allele appears to substitute for JAK2V617F (for example, JAK2 exon 12 mutations, JAK2DIREED), 4, 6 although in some cases, such alleles act in conjunction with JAK2V617F (for example, JAK2D620E, MPLW515L/K). 3, 16 These mutant alleles effectively converge upon JAK2, leading to constitutive autophosphorylation of this kinase. These observations raise the possibility that most, if not all, MPD patients harbor mutations (some yet to be identified) that potentially serve as a molecular target for a selective JAK2 inhibitor. Indeed, our data revealed that in vitro growth of hematopoietic colonies from a PMF patient (PMF4; Table 1 ) without identifiable mutations was inhibited at least as effectively as that from patients harboring JAK2V617F or MPLW515 mutations.
Given that most MPD patients have indolent disease and may require only simple therapeutic interventions (for example, intermittent phlebotomy plus aspirin in a young low-risk PV patient), it may be that JAK2 targeted therapy is appropriate, at least initially, only for high-risk patients, where the disease is poorly controlled with conventional therapies (for example, the advanced PMF patient with significant cytopenias, where use of myelosuppressive agents is problematic). The extent to which a JAK2-selective inhibitor will be myelosuppressive and/or immunosuppressive in the setting of MPD therapy remains to be established. JAK3 kinase is predominantly expressed in hematopoietic cells, and associates with the common g chain (gc) shared by IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 receptors, and thus plays a key role in development and homeostasis of the immune system. These data raise theoretical concerns for immunologic toxicities that may potentially be seen with 'offtarget' JAK3 kinase inhibition. More recently, however, a novel inhibitor, MK-0457 or VX-680, that targets Aurora kinases, as well as BCR-ABL and JAK2 kinases, was used to treat three patients with CML or acute lymphoblastic leukemia with the T315I BCR-ABL mutation. 24 Here, MK-0457 given by a 5-day continuous i.v. infusion schedule, led to clinical responses. Encouragingly, there was no significant extramedullary toxicity seen with MK-0457 therapy in this preliminary study, which, by extrapolation, supports feasibility of TG101209 use in MPD patients from a drug safety standpoint. Furthermore, given that TG101209 more selectively targets JAK2 kinase, relative to JAK3 (28 Â ), this ought to, in theory, limit its potential immunosuppressive/immunomodulatory effects. Whether this particular characteristic translates into a more favorable clinical safety profile, however remains to be demonstrated.
In summary, we have shown that a novel small molecule kinase inhibitor, TG101209, is effective both in vitro and in vivo against JAK2V617F and MPLW515L/K tyrosine kinases, and provides survival benefit in a mouse disease model. Thus, TG101209, the prototype of a new class of JAK2 kinase inhibitors, opens the prospect for effective molecularly-targeted therapy in MPD, and possibly other malignancies caused by dysregulated JAK-STAT signaling, regardless of whether the causative mutations occur at the cytokine receptor level or involve JAK2 itself. 
